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WASP Recruitment to the T Cell:APC Contact Site
Occurs Independently of Cdc42 Activation
Relatively little is known about what controls actin
dynamics upon APC binding. TCR engagement alone
can induce actin polymerization (Parsey and Lewis,
Judy L. Cannon,1,2 Christine M. Labno,1 Gerra Bosco,1,2
Abhinav Seth,3 Mary H.K. McGavin,4
Katherine A. Siminovitch,4 Michael K. Rosen,3
1993), and several downstream signaling molecules areand Janis K. Burkhardt1,2,5
critical for this process. Lck, Vav, Slp-76, and WASP are1 Department of Pathology
all required for actin polymerization, since functional2 Committee on Immunology
deficiencies in these proteins lead to the loss of actinUniversity of Chicago
polymerization in response to TCR ligation (Bubeck-Chicago, Illinois 60637
Wardenburg et al., 1998; Fischer et al., 1998; Holsinger3 Cellular Biochemistry and Biophysics Program
et al., 1998; Lowin-Kropf et al., 1998; Zhang et al., 1999).Memorial Sloan-Kettering Cancer Center
Other receptor-ligand interactions may also affect actinNew York, New York 10021
organization. For example, integrin-dependent recruit-4 Departments of Medicine, Immunology, and Medical
ment of actin crosslinking proteins such as talin to theGenetics and Microbiology
contact site creates a dense meshwork of filamentsSamuel Lunenfeld Research Institute
(Sedwick et al., 1999). CD28 engagement may also par-Mount Sinai Hospital
ticipate in actin remodeling through effects on lipid raftToronto, Ontario M5G 1X5
organization (Harder and Simons, 1999).Canada
Rho family GTPases, including Cdc42, Rac, and Rho,
are likely to participate in actin remodeling in T cells.
These proteins regulate the formation of distinct actinSummary
structures in response to extracellular stimuli in many
cell types (Nobes and Hall, 1995), and they regulateCdc42 and WASP are critical regulators of actin poly-
actin remodeling in leukocytes during chemotaxis andmerization whose function during T cell signaling is
phagocytosis (Cox et al., 1997; Allen et al., 1998; Massolpoorly understood. Using a novel reagent that specifi-
et al., 1998). The disruption of Rho and Rac activity incally detects Cdc42-GTP in fixed cells, we found that
T cell precursors prevents normal T cell developmentactivated Cdc42 localizes to the T cell:APC contact
(Galandrini et al., 1997; Henning et al., 1997), and dis-site in an antigen-dependent manner. TCR signaling
rupting Rho family members in mature T cells perturbsalone was sufficient to induce localization of Cdc42-
uropod formation and integrin-dependent interactionsGTP, and functional Lck and Zap-70 kinases were re-
with immobilized ligands (del Pozo et al., 1999; Borrotoquired. WASP also localized to the T cell:APC contact
et al., 2000). Among the Rho family members, Cdc42site in an antigen-dependent manner. Surprisingly,
appears to serve a unique role in establishing cell polar-WASP localization was independent of the Cdc42 bind-
ity in a variety of systems (Johnson, 1999). Yeast ex-ing domain but required the proline-rich domain. Our
pressing mutant Cdc42 fail to bud or form buds at ran-results indicate that localized WASP activation re-
dom sites (Li et al., 1995); macrophages cannot orientquires the integration of multiple signals: WASP is re-
toward a chemoattractant (Allen et al., 1998). In T cells,cruited via interaction with SH3 domain-containing
the overexpression of Cdc42 mutants inhibits actin poly-proteins and is activated by Cdc42-GTP concentrated
merization at the interface with interacting APCs (Sto-at the same site.
wers et al., 1995).
Like other members of the Ras superfamily, Rho familyIntroduction
GTPases function as binary switches, regulated by nu-
cleotide binding. The GDP-bound (inactive) form binds
Within minutes of contacting an antigen-presenting cell effector molecules with very low affinity. GTP binding
(APC), a T cell undergoes a dramatic polymerization of activates Rho proteins by inducing a conformational
actin filaments at the site of cell-cell contact. This pro- change that greatly increases their affinity for the
cess is critical for the formation of a tight contact be- GTPase binding domains of effector molecules (Ridley,
tween the T cell and APC (Penninger and Crabtree, 1995). GTPase activation is catalyzed by the action of
1999). Actin reorganization is also important for the as- guanine nucleotide exchange factors (GEFs) that stimu-
sembly of proteins involved in TCR signaling into a spe- late the release of GDP so that GTP can bind. The tar-
cialized signaling domain, the immunological synapse, geting of GEFs to specific membrane domains can in-
at the cell-cell contact site (Monks et al., 1998; Wulfing duce localized GTPase activation and, consequently,
et al., 1998; Grakoui et al., 1999). Actin-regulatory mole- localized actin remodeling. The relevant GEF for Cdc42
cules such as WASP and Vav accumulate at the site during T cell activation is not known. One candidate is
of T cell:APC contact, and these may influence actin Vav, an adaptor protein with GEF activity for Rac and
remodeling at this site (Krause et al., 2000). Thus, T cell Cdc42 (Krawczyk et al., 2000), which is required for T
signaling and actin remodeling are intricately interwoven cell development and activation (Fischer et al., 1998;
in a process that has important consequences for T cell Holsinger et al., 1998). In keeping with this view, Vav-
activation and effector function. deficient T cells show defects in actin-dependent func-
tions.
Cdc42-GTP binds to several downstream effectors.5 Correspondence: jburkhar@uchicago.edu
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One effector, the Wiskott-Aldrich syndrome protein
(WASP), is only expressed in hematopoietic cells (As-
penstrom et al., 1996; Kolluri et al., 1996; Symons et al.,
1996). WASP was cloned as the gene responsible for
Wiskott-Aldrich syndrome (WAS) (Derry et al., 1994), an
immunodeficiency disorder characterized by thrombo-
cytopenia, eczema, and recurrent infections (Ochs, 1998).
Hematopoietic cells of Wiskott-Aldrich syndrome pa-
tients show abnormalities in cytoskeletal function, in-
cluding morphology, chemotaxis, and phagocytosis
(Kenney et al., 1986; Binks et al., 1998; Zicha et al.,
1998). The T cells are abnormally smooth and show
defective responses to anti-CD3 stimuli (Gallego et al.,
1997). Like WAS patients, WASP-deficient mice show
abnormal T cell activation responses and cannot cap
actin or TCR properly (Snapper et al., 1998; Zhang et Figure 1. Cdc42 Colocalizes with the MTOC in Both B and T Cells
al., 1999). (A) Individual Jurkat T cells and Nalm-6 B cells.
WASP, like the ubiquitous homolog N-WASP, inter- (B) Jurkat T cells and Nalm-6 B cells in conjugates formed in the
acts with Cdc42 through a Cdc42/Rac interaction (CRIB) presence of superantigen.
Cells were fixed and double-stained for Cdc42 (middle panels) andmotif. Unlike some effector proteins such as PAK, which
tubulin (right panels) to label the MTOC. Note that although theinteract with both Cdc42 and Rac, WASP proteins are
MTOC of the B cell polarizes toward the T cell in (B), this is notspecific for Cdc42 (Symons et al., 1996). This specificity
usually the case.
is conferred by the GTPase binding domain (GBD), which
comprises the CRIB motif and additional flanking resi-
dues that contact Cdc42 (Abdul-Manan et al., 1999). Results
WASP proteins control actin polymerization through the
interaction of their C-terminal verprolin homology/cofilin Total Cdc42 in T Cells Colocalizes
homology/acidic (VCA) domain with the actin nucleation with the Microtubule-Organizing Center
complex Arp2/3 (Rohatgi et al., 1999). Arp2/3 can di- Although a variety of evidence suggests that Cdc42
rectly nucleate actin filaments, forming branched actin plays a crucial role in initiating actin polymerization at
structures that provide protrusive strength at the leading the site of T cell signaling, remarkably little is known
edges of cells (Machesky et al., 1999; Mullins and Pol- about endogenous Cdc42 in T cells. We therefore began
lard, 1999; Blanchoin et al., 2000). In the resting state, by localizing total Cdc42 in individual T cells and in
WASP exists in an autoinhibited conformation in which conjugates formed between T cells and SEE-pulsed B
the VCA domain binds to the GBD region, preventing cells. In the absence of antigen, anti-Cdc42 preferen-
Arp2/3 activity (Kim et al., 2000a). Upon binding of
tially labeled a bright spot near the nuclear cleft in both
Cdc42-GTP and PI(4,5) bisphosphate, this autoinhibition
cell types (Figure 1A). Double-labeling for tubulin
is relieved, allowing Arp2/3 to direct actin polymerization
showed that the microtubule-organizing center (MTOC)
(Higgs and Pollard, 2000; Kim et al., 2000a; Prehoda et
was in the center of the region labeled by anti-Cdc42,al., 2000; Rohatgi et al., 2000). In addition to Cdc42 and
indicating that Cdc42 likely associates with the GolgiArp2/3, WASP binds through a proline-rich region to the
complex, which resides close to the MTOC in lympho-SH3 domains of adaptor molecules such as Nck and
cytes (Rogalski and Singer, 1984). This finding is in keep-Grb2 (Rivero-Lezcano et al., 1995) and to Src and Tec
ing with observations in other cell types (Erickson et al.,family kinases (Bunnell et al., 1996). The N-terminal
1996). When a T cell interacts with a B cell presentingWASP homology (WH1) domain of WASP interacts with
antigen, the MTOC and the associated Golgi complexWIP (Ramesh et al., 1997), a protein required for actin
polarize toward the B cell (Kupfer and Dennert, 1984).polymerization during vaccinia virus motility (Moreau et
Under these conditions, the majority of total Cdc42 re-al., 2000). Each of these binding partners is known to
mained colocalized with the MTOC (Figure 1B). Thus, theparticipate in T cell signaling, indicating that WASP func-
net polarization of total Cdc42 toward the APC occurstion may be regulated at multiple levels during T cell
during conjugate formation as a result of the reorienta-activation.
tion of the MTOC and associated membrane organelles.The mechanisms by which Cdc42 and WASP collabo-
However, this cannot account for the polymerization ofrate to generate actin polymerization during T cell:APC
actin filaments, which occurs at the T cell surface alonginteractions are unknown. In the present study, we show
the length of the T:B contact site (Kupfer et al., 1986).that TCR engagement and signaling through early tyro-
sine kinases result in the accumulation of Cdc42-GTP
The Cdc42 Binding Domain of WASP Can Specificallyat the site of T:B contact. WASP is also recruited to
Detect the Activated Form of Cdc42this site; however, its recruitment is not dependent on
Antibodies to Cdc42 do not distinguish between theinteractions with Cdc42-GTP, but rather relies on the
active and inactive forms of the protein, and only theproline-rich domain. Our results indicate that WASP re-
active form is expected to function in cytoskeletal re-cruitment and activation can occur independently, such
modeling. It was therefore necessary to develop athat integration of multiple signals induces localized
means of specifically localizing Cdc42-GTP. The GBDWASP activation and actin polymerization during T cell
activation. of PAK, an effector for both Cdc42 and Rac, has been
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used to measure GTPase activation biochemically. How-
ever, PAK cannot distinguish between GTP-bound
Cdc42 and Rac in situ. Unlike PAK, WASP binds GTP-
bound Cdc42, but not GTP-bound Rac or Rho (Symons
et al., 1996). The GBD of WASP, comprising amino acids
230–288, is sufficient to confer preferential binding to
Cdc42-GTP (Rudolph et al., 1998; Abdul-Manan et al.,
1999). We therefore used a GFP-tagged WASP-GBD
reagent to specifically detect Cdc42-GTP. T cells were
aldehyde fixed, permeabilized, and then incubated with
purified recombinant GFP-WASP-GBD. Though we at-
tempted to directly visualize the GFP fluorescence from
the GFP-WASP-GBD, it proved insufficiently sensitive
(data not shown). To overcome this problem, we ampli-
fied the signal by using an anti-GFP antibody and an
FITC-labeled secondary antibody according to standard
microscopy procedures.
To verify that the tagged WASP-GBD binds specifi-
cally to GTP-bound Cdc42, T cells were transiently
transfected with myc-tagged mutants of Cdc42, Rac,
and Rho and double-labeled with the GFP-WASP-GBD
and anti-myc. Cells overexpressing the constitutively
active Cdc42 mutant Cdc42Q61L (identified by myc stain-
ing) stained strongly with GFP-WASP-GBD (Figure 2A).
Neighboring untransfected cells labeled very dimly by
comparison. Cells expressing a high level of the domi-
nant-negative mutant Cdc42T17N did not show any stain-
ing with GFP-WASP-GBD (Figure 2B), demonstrating
that this reagent does not detect GDP-bound Cdc42.
To verify the GTPase specificity of the reagent, we also
tested myc-tagged forms of constitutively active Rho
(RhoG14V) and Rac (RacQ61L). The GFP-WASP-GBD did not
detect GTP-bound Rho (Figure 2C) or Rac (Figure 2D). As
an additional specificity control, we generated a control
reagent in which histidines 246 and 249 within the CRIB
Figure 2. Recombinant WASP-GBD Can Specifically Detect GTP-region were changed to aspartate. This mutation, which Bound Cdc42 in Fixed Cells
decreases the affinity of WASP for Cdc42-GTP by100-
Jurkat T cells were transiently transfected with myc tagged:
fold (A.S. and M.K.R., unpublished data), abolished bind- (A) Constitutively active Cdc42Q61L.
ing to Cdc42Q61L-transfected cells in our assay (data not (B) Dominant-negative Cdc42T17N.
shown). These results show that the GFP-WASP-GBD (C) Constitutively active RhoG14V.
(D) Constitutively active RacQ61L.reagent can specifically detect the activated pool of
The cells were then fixed and stained for myc to identify transfectedCdc42 in fixed cells.
cells (left column) as well as with GFP-tagged WASP-GBD (right
column).
GTP-Bound Cdc42 Localizes to the T Cell:APC
Contact Site in an Antigen-Dependent Manner
To examine Cdc42-GTP localization, we used the GFP- and 3B). Very little of the total Cdc42 appears to be at the
contact site where the GTP-bound Cdc42 accumulates,WASP-GBD reagent to label fixed T:B conjugates. In
conjugates formed in the absence of SEE, GTP-bound indicating that the Cdc42-GTP present at the contact
site represents only a small portion of the total pool.Cdc42 was distributed throughout the cytoplasm in both
T and B cells (Figure 3A). However, if conjugates were
formed using SEE-pulsed B cells, GTP-bound Cdc42 in TCR Engagement Alone Is Sufficient to Induce
Accumulation of Cdc42-GTPthe T cell specifically accumulated as a bright band at
the cell-cell contact site (arrowheads, Figure 3B). The T cell:APC interaction involves the ligation of multiple
receptors on the T cell surface, and there is evidenceaccumulation was specific to the T cell; no response
was observed in the interacting B cell. When randomly that signals other than TCR engagement contribute to
actin remodeling (Sedwick et al., 1999). To test whetherselected conjugates were scored for the presence or
absence of Cdc42-GTP at the site of contact, we found TCR engagement alone can initiate Cdc42-GTP accu-
mulation, Jurkat T cells were activated using polystyrenethat 60% of the conjugates formed in the presence of
antigen showed Cdc42-GTP accumulation, while, in the beads coated with the anti-CD3 antibody OKT3. As a
negative control, beads were coated with W6/32, anabsence of antigen, only 6% of conjugates showed ac-
cumulation (Figure 3C). Significantly, the pattern of antibody to MHC Class I. W6/32 beads did not induce
detectable accumulation of Cdc42-GTP (Figure 4A). InCdc42-GTP labeling in APC-activated T cells is markedly
different than that of total Cdc42 (compare Figures 1B contrast, OKT3 beads induced a significant accumula-
Immunity
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mulation of Cdc42-GTP was not observed in the ab-
sence of OVA, showing that TCR engagement is required
(Figure 4C). Taken together, these results show that an
anti-TCR signal alone is sufficient to induce the accumu-
lation of GTP-bound Cdc42.
Lck and Zap-70 Are Required for Localization
of Cdc42-GTP
Ligation of the TCR complex initiates a cascade of sig-
naling events, beginning with the activation of the nonre-
ceptor tyrosine kinases Lck and Zap-70 (Acuto and Can-
trell, 2000). To ask if activation of Lck is required for
the accumulation of Cdc42-GTP, we tested the Jurkat-
derived JCaM-1 cell line, which lacks a functional Lck
kinase (Straus and Weiss, 1992). We have shown pre-
viously that these cells have defects in actin remodeling
and adhesion to APCs (M. Morgan and J.K.B., unpub-
lished data). Conjugates formed between JCaM-1 T cells
and SEE-pulsed B cells showed no significant accumu-
lation of Cdc42-GTP (Figure 4E). The defect in Cdc42-
GTP accumulation could be restored to wild-type levels
through the stable reintroduction of wild-type Lck, dem-
onstrating that Cdc42-GTP accumulation requires Lck
activity.
To determine whether Zap-70 activity is also required,
we tested T cells transiently transfected with a kinase-
dead mutant of Zap-70 that dominantly inhibits the activ-
ity of the endogenous kinase (Wardenburg et al., 1996).
Cells expressing kinase-dead Zap-70 were unable to
localize Cdc42-GTP in response to SEE-pulsed B cells
(Figure 4E). In contrast, control cells transfected with
wild-type Zap-70 were able to localize Cdc42-GTP nor-
mally. Taken together, these results show that accumu-
lation of Cdc42-GTP at the T:B contact site lies down-
stream of both Lck and Zap-70.
Cdc42-GTP Is Not Responsible for WASP
Localization at the Contact Site
We next examined the distribution of WASP in DO-11.10
Figure 3. Activated Cdc42 Specifically Accumulates at the T:B Con-
T cells conjugated to antigen-pulsed A20 B cells. Astact Site in Response to Antigenic Stimulation
shown in Figure 5A (bottom), WASP accumulated at(A and B) Jurkat T cells were conjugated to Nalm-6 B cells and
the site of T:B contact. The recruitment of WASP wasthen stained for activated Cdc42 using WASP-GBD. (A) Conjugates
antigen dependent; in the absence of antigen, WASPformed in the absence of the superantigen SEE. (B) Conjugates
formed in the presence of SEE. The arrowheads indicate the band was present throughout the T cell (and B cell) cytoplasm
of Cdc42-GTP accumulation at the T:B contact site. (Figure 5A, top). For technical reasons, we were unable
(C) T:B conjugates formed in the absence (SEE) or presence to double-label WASP and Cdc42-GTP in the same con-
(SEE) of SEE were chosen at random. The conjugates were then
jugate; however, the two proteins were recruited to thescored for the accumulation of GTP-bound Cdc42 at the T:B contact
same region of the T cell (compare Figure 5A with Fig-site as described in the Experimental Procedures. Data represent
ures 3B and 4D). Moreover, as with Cdc42-GTP, thethe means of three independent experiments / StDev.
recruitment of WASP required signaling through Zap-
70 (data not shown). Thus, the two proteins are recruited
to the same site, where they can interact to induce actintion of GTP-bound Cdc42 where the T cell contacted
the bead (Figure 4B). polymerization.
To ask if the recruitment of WASP depends on itsTo rule out the possibility that Cdc42-GTP accumula-
tion is an artifact of antibody-induced activation, ProAd interaction with Cdc42-GTP, we generated a FLAG-
tagged WASP mutant lacking the 13 amino acids com-fibroblasts expressing MHC Class II I-Ad were used to
present OVA peptide to DO-11.10 TCR transgenic T prising the CRIB consensus sequence (CRIB, Figure
5B). The CRIB region is responsible for WASP interactioncells. These fibroblasts have been shown to engage the
TCR, without interacting with other major costimulatory with Cdc42-GTP, and its deletion abolishes the interac-
tion (Symons et al., 1996). For comparison, full-lengthor adhesion molecules (Zuckerman et al., 1998). When
OVA-pulsed ProAd cells were allowed to interact with FLAG-WASP was prepared in parallel. Each construct
was transfected into Jurkat T cells and localized byDO-11.10 T cells, a prominent band of Cdc42-GTP was
detected at the cell-cell contact site (Figure 4D). Accu- labeling with anti-FLAG antibody. As expected, wild-
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type FLAG-WASP localized to the T:B contact site in
the presence of SEE (Figure 5C), with targeting occurring
in 29% of the conjugates (Figure 5B). Background tar-
geting frequency in the absence of SEE was approxi-
mately 4% (data not shown). Surprisingly, the CRIB
mutant localized equally well to the contact site (Figures
5B and 5C), suggesting that the CRIB motif is not re-
quired to localize WASP. However, this region is also
necessary for the autoinhibition of WASP, which pre-
vents WASP from constitutively activating Arp2/3 and
actin polymerization (Rohatgi et al., 1999; Kim et al.,
2000a). To avoid possible complications arising from
the constitutive activation of theCRIB mutant, we gen-
erated a second WASP mutant in which both the CRIB
and the C-terminal Arp2/3 interaction regions were de-
leted (CRIB/CA). The CRIB/CA WASP mutant again
accumulated at the T:B contact site despite its inability
to bind Cdc42-GTP (Figure 5B). These results show that
WASP’s interaction with GTP-bound Cdc42 is not re-
quired for its recruitment to the contact site.
WASP Targets to the Site of TCR Signaling via Its
Proline-Rich Domain
To determine which domains of WASP are important for
recruitment, we generated two additional mutants: N
is a deletion of the first 165 amino acids containing the
WH1 domain that binds to the WASP-interacting protein
(WIP); and PolyPro is a deletion of the proline-rich
region that interacts with SH3 domain-containing adap-
tor proteins and kinases. When the targeting of these
mutants to the T cell:APC interface was examined, we
found that the N terminus of WASP, like the CRIB region,
was not needed (Figures 5B and 5C). Analysis of the
PolyPro mutant proved more complex. Cells express-
ing this mutant formed conjugates with low frequency.
When conjugates did form, the PolyPro mutant was
usually not accumulated at the contact site (Figures
5B and 5C). These results indicate that deletion of the
proline-rich region of WASP has deleterious effects on
conjugation and suggest that this domain specifies tar-
geting to the T cell:APC contact site.
As a complementary means of analyzing targeting,
we used a panel of GFP-tagged N-WASP constructs
previously used by Moreau and coworkers to analyze
the targeting of N-WASP to vaccinia virus particles (Mo-
reau et al., 2000). Along with full-length N-WASP, three
Beads coated with anti-MHC Class I W6/32. (B) Beads coated with
anti-CD3 OKT3. Cdc42-GTP accumulates only in response to anti-
CD3.
(C and D) ProAd fibroblasts were pulsed (D) with or (C) without OVA
peptide and allowed to interact with antigen-specific DO-11.10 T
cells. Conjugates were fixed and stained for Cdc42-GTP using
WASP-GBD. Cdc42-GTP accumulates only in the presence of
peptide.
(E) Lck and Zap-70 are required for the polarization of Cdc42-GTP.
Wild-type Jurkat T cells, JCaM-1, and JCaM-1 cells stably retrans-
fected with Lck were conjugated to Nalm-6 B cells pulsed with SEE,
and then 50 conjugates were scored for the accumulation of Cdc42-
GTP at the T:B contact site. Wild-type Jurkat T cells transiently
Figure 4. The Signal Delivered by TCR Ligation Alone Can Drive transfected with wild-type or kinase-dead (dominant-negative) Zap-
Cdc42-GTP Accumulation at the T:B Contact Site 70 were analyzed in parallel. The loss of Lck or Zap-70 activity
(A and B) Antibody-coated latex beads were conjugated to Jurkat abolished Cdc42-GTP accumulation at the T:B contact site. Quanti-
T cells, fixed and stained for Cdc42-GTP using WASP-GBD. (A) tation from one representative experiment is shown.
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Figure 5. WASP Accumulation at the T:B Contact Site Depends on the Proline-Rich Domain
(A) Endogenous WASP within the T cell accumulates at the contact site. DO-11.10 T cells were conjugated to A20 B cells in the absence (top
panel) and presence (bottom panel) of OVA peptide. The cells were then stained with an anti-WASP antibody.
(B) Constructs used to detect WASP polarization. All WASP constructs were FLAG-tagged, and all N-WASP constructs were GFP-tagged.
Amino acid start and stop sites are indicated above each construct. For N-WASP domain constructs, corresponding amino acids of WASP
are given in parentheses. Each construct was tested as shown in (C) and (D), and percent targeting to the contact site was determined in
three experiments (n  50 conjugates for each). Actin polarization was determined by the detection of phalloidin-labeled actin accumulated
at the contact site (a plus sign indicates actin accumulation at a frequency comparable to that seen in wild-type cells).
(C) Jurkat T cells were transfected with the indicated WASP constructs. T:B conjugates were formed in the presence of SEE and stained for
exogenous WASP mutants using anti-FLAG antibody (green). B cells are shown in blue.
(D) Jurkat T cells were transfected with GFP-tagged N-WASP constructs and conjugated to B cells (blue).
The N, CRIB, and CRIB/CA mutants of WASP all targeted to the contact sites with the same efficiency as FLAG-WASP. The PolyPro
did not target to the contact site, and cells expressing this mutant showed reduced ability to polymerize actin. Conversely, only the PolyPro
domain of N-WASP could target to the contact site as well as wild-type N-WASP-GFP.
constructs were tested: WH1, GBD, and PolyPro. Each identical (Miki et al., 1996). The domain constructs were
transfected into T cells, and their targeting to the APCof these isolated N-WASP domains corresponds to one
of the domains deleted from the full-length WASP above. contact site was determined. N-WASP, like WASP, tar-
geted efficiently to the site of APC binding (Figures 5BThough the two sets of constructs derive from two dis-
tinct genes, the sequence homology between N-WASP and 5D). The polyproline domain of N-WASP also tar-
geted to the APC contact site, whereas the WH1 andand WASP in these domains is very high, and the func-
tions of these regions are thought to be similar, if not GBD domains remained cytoplasmic. This result, to-
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Figure 6. Model of WASP Recruitment and
Activation at the T Cell:APC Contact Site
TCR signaling initiates a cascade involving
the nonreceptor tyrosine kinases Lck and
Zap-70. These kinases induce the assembly
of a complex that brings together adaptor
proteins (Slp-76 and Nck) and a GEF (Vav).
The adaptor proteins recruit WASP, while the
GEF activates Cdc42. The close proximity of
Cdc42 and WASP would facilitate WASP acti-
vation, leading to Arp2/3-nucleated actin
polymerization. This mechanism would facili-
tate the localized activation of WASP with
high efficiency, insuring that actin polymer-
ization occurs specifically at the site of T
cell:APC contact.
gether with the deletion studies above, shows that measured biochemically, using similar GBD-based re-
agents in affinity protocols (Ren et al., 1999; KrawczykWASP is targeted to the T cell:APC contact site via its
proline-rich domain. et al., 2000); however, this can be difficult, and it provides
no spatial information. This represents a serious handi-Taken together, our findings support a model in which
Cdc42-GTP and its effector WASP are recruited to the cap, since even a small amount of locally activated Rho
protein could have profound effects. Indeed, localizedT cell:APC contact site by independent mechanisms,
both of which depend on signaling through Zap-70. activation is central to how these GTPases dictate the
nature of actin-dependent cellular responses (Caste-Once present at this site, the two proteins can interact
with high efficiency to initiate localized actin polymer- llano et al., 1999). To gain spatial information, other
investigators have transfected or microinjected livingization.
cells with similar GBD-based reagents (Kim et al., 2000b;
Kraynov et al., 2000). However, these overexpressedDiscussion
reagents can compete for binding with the endogenous
Rho effectors, thereby perturbing normal actin dynam-The polymerization of actin filaments at the T cell cortex
where it contacts the APC is known to affect T cell ics (Nobes and Hall, 1999). Labeling of fixed cells has
the advantage that the endogenous proteins are notactivation and effector function. This process relies on
the T cell’s ability to translate specific antigenic signals affected. Our procedure may be generalized to other
Rho family members using alternate effector domains.received at one point on its surface into rapid, localized
cytoskeletal remodeling. Like the formation of an immu- In fact, the technique may extend to the entire Ras su-
perfamily, since a similar approach was reported usingnological synapse, this cytoskeletal remodeling involves
spatial regulatory mechanisms that are poorly under- Raf-1 to detect cells containing active Ras within fixed
tissues (Sherman et al., 2000).stood. Here, we show that two regulators of actin poly-
merization, Cdc42-GTP and WASP, are recruited to the Using this new technique, we found that TCR engage-
ment induces the localized accumulation of Cdc42-GTPsite of T cell:APC contact. The accumulation of Cdc42-
GTP and WASP is induced by TCR ligation alone and along the T:B interface. The majority of total Cdc42 re-
sides at the MTOC, and this did not change in conju-requires downstream signaling through both Lck and
Zap-70. Surprisingly, although activated Cdc42 binds gates, indicating that the pool of Cdc42-GTP at the con-
tact site likely represents a small portion of the totaland activates WASP in vitro, the recruitment of WASP
to the T cell:APC contact site is independent of this Cdc42. Indeed, we could detect no overall increase in
Cdc42 activity in lysates from activated versus inacti-interaction. Instead, WASP recruitment is dependent
upon its proline-rich domain, which most likely binds vated T cells (data not shown). We therefore conclude
that the localized accumulation of a small pool of activeto one or more SH3 domain-containing proteins. The
separation of recruitment and activation of WASP re- Cdc42 is sufficient to induce actin polymerization. Our
experiments do not allow us to conclude whether thequires signal integration, insuring that actin polymeriza-
tion occurs only at the appropriate site. accumulation of Cdc42-GTP at the contact site repre-
sents localized activation or preferential recruitment of
GTP-bound Cdc42. Since there is evidence that at leastSpecific Detection of Cdc42-GTP at the Site
one protein with known GEF activity for Cdc42, Vav, isof TCR Signaling
recruited to the TCR signaling complex (Wardenburg etWe describe a novel procedure using recombinant
al., 1998; Krause et al., 2000), we favor the idea thatWASP-GBD to detect activated Cdc42 at specific sites
in fixed cells. The activation of Rho proteins is often Cdc42 is selectively activated at the site of TCR signal-
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ing. This view is consistent with our finding that Cdc42- through mutual binding to the adaptor protein Slp-76
(Wardenburg et al., 1998). This complex has the potentialGTP accumulation requires signaling through Lck and
Zap-70, since these kinases are required for Vav activa- to serve as the integrator for WASP activation and re-
cruitment. Nck could recruit WASP, while Vav couldtion and recruitment.
activate Cdc42, leading to WASP activation and actin
polymerization (Figure 6). Consistent with this model,WASP Recruitment versus Activation
both Vav and Nck are recruited to the site of APC bindingLike Cdc42-GTP, WASP accumulates at the T cell:APC
(Krause et al., 2000), and we find that Nck is recruitedcontact site. The simplest model for actin polymerization
even in T cells deficient in WASP expression (J.L.C.,involves only these two proteins, with Cdc42-GTP func-
unpublished data). Despite the allure of this model, thetioning both to recruit and activate WASP. However, we
details remain to be tested. Other SH3 domain-con-found that the GBD region of WASP is not required for
taining proteins enriched at the site of TCR signalingtargeting, indicating that targeting is mediated not via
have the potential to interact with WASP, and there isinteraction with Cdc42-GTP, but rather through another
evidence that these interactions can directly enhancebinding partner. An inability to simultaneously recruit
WASP activity (Carlier et al., 2000; Yang et al., 2000).and activate certain effector molecules may prove to be
Moreover, it is likely that additional protein-protein inter-a general feature of GTPase function. For autoinhibited
actions such as direct interactions between Nck andtargets, GTPase-effector binding energy must be con-
WIP are involved (Anton et al., 1998).verted to effector activation energy (often in the form of
The requirement for signal integration at the level ofa conformational change), resulting in decreased overall
WASP activation may prove to be an important aspectaffinity. In the case of WASP, we, and others, have mea-
of how T cells distinguish contact with APCs presentingsured the affinity of Cdc42 for the isolated GBD to be
cognate antigens from other inappropriate cell-cell con-approximately 100 nM (Rudolph et al., 1998; Kim et al.,
tacts. WASP proteins have already been shown to inte-2000a). However, the affinity of Cdc42 for models of full-
grate signals from PIP2 and Cdc42 (Rohatgi et al., 1999;length WASP is only 11 M, with the 100-fold decrease
Higgs and Pollard, 2000; Prehoda et al., 2000). Our re-in affinity being due to the conformational change nec-
sults show that additional signal integration occurs atessary to separate the GBD from the VCA upon Cdc42
the level of WASP recruitment to the T cell:APC contactbinding (Kim et al., 2000a). Similar constraints probably
site. Thus, regulation of WASP activity may have evolvedalso apply to Pak, where Cdc42 or Rac binding to the
to create a sensitive, high-fidelity switch to control local-GBD relieves autoinhibitory interactions between the
ized actin polymerization.GBD and the kinase domain (Tu and Wigler, 1999; Lei
et al., 2000). Thus, in systems regulated in this fashion,
GTPases are unlikely to recruit effectors to sites of ac- Experimental Procedures
tion, but rather to activate effectors that have been re-
Cell Lines and Reagentscruited through other mechanisms. This notion is con-
E6 Jurkat T cells and Nalm-6 B cells were cultured in RPMI supple-sistent with our observations here for WASP, as well
mented with 10% FCS (Life Technologies) in 5% CO2 at 37C. Theas a report that Pak can be recruited to neurites and
Lck-deficient derivative of Jurkat, JCaM-1 (Straus and Weiss, 1992),
membrane ruffles in a GTPase-independent manner and JCaM-1 transfectants expressing wild-type Lck (Denny et al.,
(Obermeier et al., 1998). These thermodynamic issues 1999), gifts of Dr. David Straus (University of Chicago), were cultured
in RPMI, 10% FCS, 1 mg/ml G418, and 0.3 mg/ml hygromycin (Lifemay play an important role in enabling GTPases to stim-
Technologies). T cell blasts specific for OVA peptide (residues 323–ulate specific subsets of effectors when locally activated
339) presented by I-Ad were prepared from DO-11.10 TCR Tg mice.in the cell.
Lymph node cells from DO-11.10 mice (2 105/well) were expandedTargeting of the ubiquitous WASP homolog N-WASP
by coculture with irradiated DBA splenocytes (2500 rads, 6  106/
also involves binding partners other than Cdc42 (Frisch- well) and 0.15 g/ml OVA 323–339 peptide. Cells were used 7–14
knecht and Way, 2001). N-WASP recruitment to vaccinia days after activation. A20 B cells were cultured in DMEM, 10% FCS
in 10% CO2 at 37C. The ProAd cell line, a gift from Dr. Jim Millerparticles requires binding through its WH1 domain to
(University of Chicago), was grown as described previously (Zucker-WIP (Moreau et al., 2000). WIP, in turn, binds to Nck,
man et al., 1998). Staphylococcal Enterotoxin E (SEE) was obtainedwhich interacts with the viral particle. Nck can also bind
from Toxin Technologies. CMAC was obtained from Moleculardirectly to the N-WASP proline-rich domain, though this
Probes, and poly-L-lysine was obtained from Sigma.
interaction is not sufficient for N-WASP recruitment in Antibodies were obtained as follows: rat anti--tubulin YL1/2 (Se-
the vaccinia system (Rivero-Lezcano et al., 1995). Inter- rotec), rabbit anti-GFP (Molecular Probes), anti-CD3	 antibody OKT3
(Orthobiotech), rabbit anti-Cdc42 (Santa Cruz Biotechnology), andestingly, both Nck and WIP have been implicated in T
anti-FLAG (Kodak). The rabbit anti-WASP antibody was describedcell activation. Both proteins interact with Vav (War-
previously (Zhang et al., 1999). Anti-human MHC Class I antibodydenburg et al., 1998; Savoy et al., 2000), and both have
W6/32 was a gift from Dr. Gijs van Seventer (Boston University).been shown to affect NFAT-dependent transcription
The anti-myc antibody 9E10 was from Developmental Studies Hy-
(Yablonski et al., 1998; Savoy et al., 2000). To test the bridoma Bank, University of Iowa. Secondary antibodies conjugated
contributions of the WH1 domain and the proline-rich to fluorochromes were obtained from Jackson Immunoresearch.
The WASP-GBD-GFP and the double aspartate mutant WASP-region to WASP targeting, we used a combination of
GBD-GFP were generated by cloning residues 230–310 of humanWASP deletion mutants and N-WASP domain con-
WASP into a pet11a vector (Novagen). The vector was modifiedstructs. We show that the proline-rich region is neces-
(A.S., unpublished data) to contain sequences encoding mutant GFPsary and sufficient for targeting WASP in T cells. Based
molecules on either side of the polylinker region. GFP sequences
on this finding, it is likely that WASP is targeted via were optimized for expression and fluorescent properties (Clon-
interactions with Nck. This is an attractive possibility, tech). The resulting vector encoded a protein containing the WASP-
GBD flanked by GFP on its N and C termini. All WASP-GBD-GFPbecause TCR signaling brings together Nck and Vav
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constructs were expressed in E. coli and purified chromatographi- croscopy were conducted using the University of Chicago Cancer
Research Center Core facilities. We thank Shirley Bond for assis-cally.
tance with microscopy and Jill Voss for administrative assistance.
This work was supported by R01 AI44835 and a Career DevelopmentPlasmids
award from the Schweppe Foundation to J.K.B. M.K.R. was sup-pPuro-HA-Zap-70 and pPuro-HA-kinase-dead Zap-70 were gifts of
ported by R01 GM56322 and funding from the Howard HughesDr. Andrew Chan (Washington University). Cdc42T17N and Cdc42Q61L
Medical Institute. K.A.S. is a Senior Scientist of the Canadian Insti-constructs, gifts of Dr. Petri Auvinen, (University of Helsinki), were
tutes for Health Research and was supported by a CIHR grant.subcloned into pCDNA3.1 (Clontech). RacQ61L and RhoG14V constructs
were gifts of Dr. Jacomine Krinsje-Locker (EMBL). FLAG-tagged
Received May 4, 2001; revised June 29, 2001.WASP cDNA was generated by PCR amplification of the human
WASP cDNA with primers containing the FLAG epitope sequence
Referencesand subcloned into pCDNA3.1. The WASPCRIB construct, deleted
from aa 238–251, was generated by overlap extension PCR and sub-
Abdul-Manan, N., Aghazadeh, B., Liu, G.A., Majumdar, A., Ouerfelli,cloned into pCDNA3.1. FLAG-WASPCRIB/CA was generated by de-
O., Siminovitch, K.A., and Rosen, M.K. (1999). Structure of Cdc42leting the C-terminal 56 amino acids from the FLAG-WASPCRIB.
in complex with the GTPase-binding domain of the “Wiskott-AldrichFLAG-WASPN was made by deleting the first 165 amino acids of
syndrome” protein. Nature 399, 379–383.WASP using PCR. To generate FLAG-WASPPolyPro, the N-termi-
nal 312 amino acids and C-terminal 85 amino acids of WASP were Acuto, O., and Cantrell, D. (2000). T cell activation and the cytoskele-
made by PCR and subcloned into pCDNA3.1. The GFP-tagged con- ton. Annu. Rev. Immunol. 18, 165–184.
structs of N-WASP, full-length N-WASP, WH1, CRIB, and PolyPro Allen, W.E., Zicha, D., Ridley, A.J., and Jones, G.E. (1998). A role
(Moreau et al., 2000) were generous gifts of Dr. Michael Way (EMBL). for Cdc42 in macrophage chemotaxis. J. Cell Biol. 141, 1147–1157.
All constructs were verified by sequencing.
Anton, I.M., Lu, W., Mayer, B.J., Ramesh, N., and Geha, R.S. (1998).
The Wiskott-Aldrich syndrome protein-interacting protein (WIP)
Conjugation binds to the adaptor protein Nck. J. Biol. Chem. 273, 20992–20995.
Cell conjugations and microscopy were performed as described
Aspenstrom, P., Lindberg, U., and Hall, A. (1996). Two GTPases,previously (Sedwick et al., 1999). Briefly, B cells were dyed with
Cdc42 and Rac, bind directly to a protein implicated in the immuno-CMAC and incubated with or without 2 g/ml SEE. B cells were
deficiency disorder Wiskott-Aldrich syndrome. Curr. Biol. 6, 70–75.centrifuged together with an equal number of T cells, incubated
Binks, M., Jones, G.E., Brickell, P.M., Kinnon, C., Katz, D.R., andat room temperature for 10 min, plated onto poly-L-lysine-coated
Thrasher, A.J. (1998). Intrinsic dendritic cell abnormalities in Wiskott-coverslips, and fixed with 3% paraformaldehyde/PBS. Conjugations
Aldrich syndrome. Eur. J. Immunol. 28, 3259–3267.with ProAd APCs were performed as described (Sedwick et al., 1999).
For bead assays, 6m streptavidin-beads (Spherotech) were coated Blanchoin, L., Amann, K.J., Higgs, H.N., Marchand, J.B., Kaiser,
with biotinylated OKT3 or W6/32, generated using NHS-biotin D.A., and Pollard, T.D. (2000). Direct observation of dendritic actin
(Sigma) according to standard procedures. After washing, beads filament networks nucleated by Arp2/3 complex and WASP/Scar
were added to Jurkat cells and incubated at room temperature for proteins. Nature 404, 1007–1011.
1–2 min. Conjugates were then plated onto poly-L-lysine-coated Borroto, A., Gil, D., Delgado, P., Vicente-Manzanares, M., Alcover,
slides for 5 min and fixed. A., Sanchez-Madrid, F., and Alarcon, B. (2000). Rho regulates T
cell receptor ITAM-induced lymphocyte spreading in an integrin-
Transfection independent manner. Eur. J. Immunol. 30, 3403–3410.
Jurkat cells were seeded at 15,000 cells/ml and grown for 4 days Bubeck-Wardenburg, J., Pappu, R., Bu, J.Y., Mayer, B., Chernoff,
to insure log-phase growth. 20  106 cells were added to 20 g J., Straus, D., and Chan, A.C. (1998). Regulation of PAK activation
DNA and electroporated using a Bio-Rad Genepulser II at 240 V, and the T cell cytoskeleton by the linker protein SLP-76. Immunity
1500 F. After recovery on ice, cells were cultured for 5 hr (for GFP 9, 607–616.
constructs) or 12–16 hr (for FLAG constructs). Prior to use, dead
Bunnell, S.C., Henry, P.A., Kolluri, R., Kirchhausen, T., Rickles, R.J.,cells were removed by passage over Ficoll-Paque (Amersham-Phar-
and Berg, L.J. (1996). Identification of Itk/Tsk Src homology 3 domainmacia).
ligands. J. Biol. Chem. 271, 25646–25656.
Carlier, M.F., Nioche, P., Broutin-L’Hermite, I., Boujemaa, R., LeImmunofluorescence Microscopy
Clainche, C., Egile, C., Garbay, C., Ducruix, A., Sansonetti, P., andImmunofluorescent labelings were done as described previously
Pantaloni, D. (2000). GRB2 links signaling to actin assembly by en-(Sedwick et al., 1999). After fixation, coverslips were quenched with
hancing interaction of neural Wiskott-Aldrich syndrome proteinNH4Cl and permeabilized in 0.3% Triton X-100 for 3 min or 0.05%
(N-WASp) with actin-related protein (ARP2/3) complex. J. Biol.saponin for 30 min. GFP-N-WASP transfectants were extracted dur-
Chem. 275, 21946–21952.ing fixation with 0.03% Triton/3% paraformaldehyde/PBS. Blocking
Castellano, F., Montcourrier, P., Guillemot, J.C., Gouin, E., Ma-and antibody incubations were performed in PBS/0.05% saponin/
chesky, L., Cossart, P., and Chavrier, P. (1999). Inducible recruitment0.25% fish skin gelatin. Labelings to detect Cdc42-GTP were per-
of Cdc42 or WASP to a cell-surface receptor triggers actin polymer-formed as for antibodies; cells were labeled with recombinant GFP-
ization and filopodium formation. Curr. Biol. 9, 351–360.WASP-GBD and detected with anti-GFP and FITC-anti-rabbit Ig.
F-actin was labeled with rhodamine phalloidin (Molecular Probes). Cox, D., Chang, P., Zhang, Q., Reddy, P.G., Bokoch, G.M., and
Specimens were mounted in Mowiol 4-88 (Hoeschst Celanese) con- Greenberg, S. (1997). Requirements for both Rac1 and Cdc42 in
taining 10% 1,4-diazobicyclo [2.2.2] octane. Samples were analyzed membrane ruffling and phagocytosis in leukocytes. J. Exp. Med.
using a Zeiss Axioplan microscope and a Photometrics PXL CCD 186, 1487–1494.
camera. No-neighbor deconvolution was performed using Openlab del Pozo, M.A., Vicente-Manzanares, M., Tejedor, R., Serrador, J.M.,
v2.0.6 (Improvision). Quantitation of Cdc42-GTP and WASP polar- and Sanchez-Madrid, F. (1999). Rho GTPases control migration and
ization was determined by choosing 50 T:B conjugates at random polarization of adhesion molecules and cytoskeletal ERM compo-
and counting those showing a distinct band of labeling at the cell- nents in T lymphocytes. Eur. J. Immunol. 29, 3609–3620.
cell contact site.
Denny, M.F., Kaufman, H.C., Chan, A.C., and Straus, D.B. (1999). The
lck SH3 domain is required for activation of the mitogen-activated
Acknowledgments
protein kinase pathway but not the initiation of T-cell antigen recep-
tor signaling. J. Biol. Chem. 274, 5146–5152.
We thank Drs. A. Chan, P. Auvinen, M. Way, J. Krinsje-Locker, G.
Derry, J., Ochs, H., and Francke, U. (1994). Isolation of a novel geneVan Seventer, J. Miller, and D. Straus for constructs, cell lines, and
mutated in Wiscott-Aldrich syndrome. Cell 78, 635–644.antibodies. We thank members of the “Polarity group” for many
useful discussions. DNA sequencing, peptide synthesis, and mi- Erickson, J.W., Zhang, C., Kahn, R.A., Evans, T., and Cerione, R.A.
Immunity
258
(1996). Mammalian Cdc42 is a brefeldin A-sensitive component of and Harrison, S.C. (2000). Structure of PAK1 in an autoinhibited
conformation reveals a multistage activation switch. Cell 102,the Golgi apparatus. J. Biol. Chem. 271, 26850–26854.
387–397.Fischer, K.D., Tedford, K., and Penninger, J.M. (1998). Vav links
antigen-receptor signaling to the actin cytoskeleton. Semin. Immu- Li, R., Zheng, Y., and Drubin, D.G. (1995). Regulation of cortical
nol. 10, 317–327. actin cytoskeleton assembly during polarized cell growth in budding
yeast. J. Cell Biol. 128, 599–615.Frischknecht, F., and Way, M. (2001). Surfing pathogens and the
lessons learned for actin polymerization. Trends Cell Biol. 11, 30–38. Lowin-Kropf, B., Shapiro, V.S., and Weiss, A. (1998). Cytoskeletal
polarization of T cells is regulated by an immunoreceptor tyrosine-Galandrini, R., Henning, S.W., and Cantrell, D.A. (1997). Different
based activation motif-dependent mechanism. J. Cell Biol. 140,functions of the GTPase Rho in prothymocytes and late pre-T cells.
861–871.Immunity 7, 163–174.
Machesky, L.M., Mullins, R.D., Higgs, H.N., Kaiser, D.A., Blanchoin,Gallego, M.D., Santamaria, M., Pena, J., and Molina, I.J. (1997).
L., May, R.C., Hall, M.E., and Pollard, T.D. (1999). Scar, a WASp-Defective actin reorganization and polymerization of Wiskott-Aldrich
related protein, activates nucleation of actin filaments by the Arp2/3T cells in response to CD3-mediated stimulation. Blood 90, 3089–
complex. Proc. Natl. Acad. Sci. USA 96, 3739–3744.3097.
Massol, P., Montcourrier, P., Guillemot, J.C., and Chavrier, P. (1998).Grakoui, A., Bromley, S.K., Sumen, C., Davis, M.M., Shaw, A.S.,
Fc receptor-mediated phagocytosis requires CDC42 and Rac1.Allen, P.M., and Dustin, M.L. (1999). The immunological synapse: a
EMBO J. 17, 6219–6229.molecular machine controlling T cell activation. Science 285,
221–227. Miki, H., Miura, K., and Takenawa, T. (1996). N-WASP, a novel actin-
depolymerizing protein, regulates the cortical cytoskeletal re-Harder, T., and Simons, K. (1999). Clusters of glycolipid and glycosyl-
arrangement in a PIP2-dependent manner downstream of tyrosinephosphatidylinositol-anchored proteins in lymphoid cells: accumu-
kinases. EMBO J. 15, 5326–5335.lation of actin regulated by local tyrosine phosphorylation. Eur. J.
Immunol. 29, 556–562. Monks, C.R., Freiberg, B.A., Kupfer, H., Sciaky, N., and Kupfer, A.
(1998). Three-dimensional segregation of supramolecular activationHenning, S.W., Galandrini, R., Hall, A., and Cantrell, D.A. (1997). The
clusters in T cells. Nature 395, 82–86.GTPase Rho has a critical regulatory role in thymus development.
EMBO J. 16, 2397–2407. Moreau, V., Frischknecht, F., Reckmann, I., Vincentelli, R., Rabut,
G., Stewart, D., and Way, M. (2000). A complex of N-WASP and WIPHiggs, H.N., and Pollard, T.D. (2000). Activation by Cdc42 and PIP(2)
of Wiskott-Aldrich syndrome protein (WASp) stimulates actin nucle- integrates signalling cascades that lead to actin polymerization. Nat.
Cell Biol. 2, 441–448.ation by Arp2/3 complex. J. Cell Biol. 150, 1311–1320.
Holsinger, L.J., Graef, I.A., Swat, W., Chi, T., Bautista, D.M., David- Mullins, R.D., and Pollard, T.D. (1999). Rho-family GTPases require
son, L., Lewis, R.S., Alt, F.W., and Crabtree, G.R. (1998). Defects in the Arp2/3 complex to stimulate actin polymerizationin Acantha-
actin-cap formation in Vav-deficient mice implicate an actin require- moeba extracts. Curr. Biol. 9, 405–415.
ment for lymphocyte signal transduction. Curr. Biol. 8, 563–572. Nobes, C.D., and Hall, A. (1995). Rho, rac, and cdc42 GTPases
Johnson, D.I. (1999). Cdc42: an essential Rho-type GTPase control- regulate the assembly of multimolecular focal complexes associated
ling eukaryotic cell polarity. Microbiol. Mol. Biol. Rev. 63, 54–105. with actin stress fibers, lamellipodia, and filopodia. Cell 81, 53–62.
Kenney, D., Cairns, L., Remold-O’Donnell, E., Peterson, J., Rosen, Nobes, C.D., and Hall, A. (1999). Rho GTPases control polarity, pro-
F., and Parkman, R. (1986). Morphological abnormalities in the lym- trusion, and adhesion during cell movement. J. Cell Biol. 144, 1235–
phocytes of patients with the Wiscott-Aldrich syndrome. Blood 68, 1244.
1329–1332. Obermeier, A., Ahmed, S., Manser, E., Yen, S.C., Hall, C., and Lim,
Kim, A.S., Kakalis, L.T., Abdul-Manan, N., Liu, G.A., and Rosen, M.K. L. (1998). PAK promotes morphological changes by acting upstream
(2000a). Autoinhibition and activation mechanisms of the Wiskott- of Rac. EMBO J. 17, 4328–4339.
Aldrich syndrome protein. Nature 404, 151–158. Ochs, H.D. (1998). The Wiskott-Aldrich syndrome. Semin. Hematol.
Kim, S.H., Li, Z., and Sacks, D.B. (2000b). E-cadherin-mediated cell- 35, 332–345.
cell attachment activates Cdc42. J. Biol. Chem. 275, 36999–37005. Parsey, M., and Lewis, G. (1993). Actin polymerization and pseudo-
Kolluri, R., Tolias, K.F., Carpenter, C.L., Rosen, F.S., and Kirch- pod reorganization accompany anti-CD3-induced growth arrest in
hausen, T. (1996). Direct interaction of the Wiskott-Aldrich syndrome Jurkat T cells. J. Immunol. 151, 1881–1893.
protein with the GTPase Cdc42. Proc. Natl. Acad. Sci. USA 93,
Penninger, J.M., and Crabtree, G.R. (1999). The actin cytoskeleton
5615–5618.
and lymphocyte activation. Cell 96, 9–12.
Krause, M., Sechi, A.S., Konradt, M., Monner, D., Gertler, F.B., and
Prehoda, K.E., Scott, J.A., Dyche Mullins, R., and Lim, W.A. (2000).
Wehland, J. (2000). Fyn-binding protein (Fyb)/SLP-76-associated
Integration of multiple signals through cooperative regulation of the
protein (SLAP), Ena/vasodilator-stimulated phosphoprotein (VASP)
N-WASP-Arp2/3 complex. Science 290, 801–806.
proteins and the Arp2/3 complex link T cell receptor (TCR) signaling
Ramesh, N., Anton, I.M., Hartwig, J.H., and Geha, R.S. (1997). WIP, ato the actin cytoskeleton. J. Cell Biol. 149, 181–194.
protein associated with Wiskott-Aldrich syndrome protein, inducesKrawczyk, C., Bachmaier, K., Sasaki, T., Jones, R.G., Snapper, S.B.,
actin polymerization and redistribution in lymphoid cells. Proc. Natl.Bouchard, D., Kozieradzki, I., Ohashi, P.S., Alt, F.W., and Penninger,
Acad. Sci. USA 94, 14671–14676.J.M. (2000). Cbl-b is a negative regulator of receptor clustering and
Ren, X.D., Kiosses, W.B., and Schwartz, M.A. (1999). Regulationraft aggregation in T cells. Immunity 13, 463–473.
of the small GTP-binding protein Rho by cell adhesion and theKraynov, V.S., Chamberlain, C., Bokoch, G.M., Schwartz, M.A., Sla-
cytoskeleton. EMBO J. 18, 578–585.baugh, S., and Hahn, K.M. (2000). Localized Rac activation dynamics
Ridley, A.J. (1995). Rho-related proteins: actin cytoskeleton and cellvisualized in living cells. Science 290, 333–337.
cycle. Curr. Opin. Genet. Dev. 5, 24–30.Kupfer, A., and Dennert, G. (1984). Reorientation of the microtubule-
Rivero-Lezcano, O.M., Marcilla, A., Sameshima, J.H., and Robbins,organizing center and the Golgi apparatus in cloned cytotoxic lym-
K.C. (1995). Wiskott-Aldrich syndrome protein physically associatesphocytes triggered by binding to lysable target cells. J. Immunol.
with Nck through Src homology 3 domains. Mol. Cell. Biol. 15, 5725–133, 2762–2766.
5731.Kupfer, A., Singer, S.J., and Dennert, G. (1986). On the mechanism
Rogalski, A.A., and Singer, S.J. (1984). Associations of elements ofof unidirectional killing in mixtures of two cytotoxic T lymphocytes.
the Golgi apparatus with microtubules. J. Cell Biol. 99, 1092–1100.Unidirectional polarization of cytoplasmic organelles and the mem-
brane-associated cytoskeleton in the effector cell. J. Exp. Med. 163, Rohatgi, R., Ho, H.Y., and Kirschner, M.W. (2000). Mechanism of
489–498. N-WASP activation by CDC42 and phosphatidylinositol 4, 5-bisphos-
phate. J. Cell Biol. 150, 1299–1310.Lei, M., Lu, W., Meng, W., Parrini, M.C., Eck, M.J., Mayer, B.J.,
Cdc42/WASP Signaling at the Site of TCR Engagement
259
Rohatgi, R., Ma, L., Miki, H., Lopez, M., Kirchhausen, T., Takenawa,
T., and Kirschner, M.W. (1999). The interaction between N-WASP
and the Arp2/3 complex links Cdc42-dependent signals to actin
assembly. Cell 97, 221–231.
Rudolph, M.G., Bayer, P., Abo, A., Kuhlmann, J., Vetter, I.R., and
Wittinghofer, A. (1998). The Cdc42/Rac interactive binding region
motif of the Wiskott Aldrich syndrome protein (WASP) is necessary
but not sufficient for tight binding to Cdc42 and structure formation.
J. Biol. Chem. 273, 18067–18076.
Savoy, D.N., Billadeau, D.D., and Leibson, P.J. (2000). Cutting edge:
WIP, a binding partner for Wiskott-Aldrich syndrome protein, coop-
erates with Vav in the regulation of T cell activation. J. Immunol.
164, 2866–2870.
Sedwick, C.E., Morgan, M.M., Jusino, L., Cannon, J.L., Miller, J.,
and Burkhardt, J.K. (1999). TCR, LFA-1, and CD28 play unique and
complementary roles in signaling T cell cytoskeletal reorganization.
J. Immunol. 162, 1367–1375.
Sherman, L.S., Atit, R., Rosenbaum, T., Cox, A.D., and Ratner, N.
(2000). Single cell Ras-GTP analysis reveals altered Ras activity in
a subpopulation of neurofibroma Schwann cells but not fibroblasts.
J. Biol. Chem. 275, 30740–30745.
Snapper, S.B., Rosen, F.S., Mizoguchi, E., Cohen, P., Khan, W., Liu,
C.H., Hagemann, T.L., Kwan, S.P., Ferrini, R., Davidson, L., et al.
(1998). Wiskott-Aldrich syndrome protein-deficient mice reveal a
role for WASP in T but not B cell activation. Immunity 9, 81–91.
Stowers, L., Yelon, D., Berg, L.J., and Chant, J. (1995). Regulation
of the polarization of T cells toward antigen-presenting cells by Ras-
related GTPase CDC42. Proc. Natl. Acad. Sci. USA 92, 5027–5031.
Straus, D.B., and Weiss, A. (1992). Genetic evidence for the involve-
ment of the lck tyrosine kinase in signal transduction through the
T cell antigen receptor. Cell 70, 585–593.
Symons, M., Derry, J., Karlak, B., Jiang, S., Lemahieu, V., McCor-
mick, F., Francke, U., and Abo, A. (1996). Wiscott-Aldrich syndrome
protein, a novel effector for the GTPase CDC42Hs, is implicated in
actin polymerization. Cell 84, 723–734.
Tu, H., and Wigler, M. (1999). Genetic evidence for Pak1 autoinhibi-
tion and its release by Cdc42. Mol. Cell. Biol. 19, 602–611.
Wardenburg, J.B., Fu, C., Jackman, J.K., Flotow, H., Wilkinson, S.E.,
Williams, D.H., Johnson, R., Kong, G., Chan, A.C., and Findell, P.R.
(1996). Phosphorylation of SLP-76 by the ZAP-70 protein-tyrosine
kinase is required for T-cell receptor function. J. Biol. Chem. 271,
19641–19644.
Wardenburg, J.B., Pappu, R., Bu, J.Y., Mayer, B., Chernoff, J.,
Straus, D., and Chan, A.C. (1998). Regulation of PAK activation and
the T cell cytoskeleton by the linker protein SLP-76. Immunity 9,
607–616.
Wulfing, C., Sjaastad, M.D., and Davis, M.M. (1998). Visualizing the
dynamics of T cell activation: intracellular adhesion molecule 1 mi-
grates rapidly to the T cell/B cell interface and acts to sustain cal-
cium levels. Proc. Natl. Acad. Sci. USA 95, 6302–6307.
Yablonski, D., Kane, L.P., Qian, D., and Weiss, A. (1998). A Nck-
Pak1 signaling module is required for T-cell receptor-mediated acti-
vation of NFAT, but not of JNK. EMBO J. 17, 5647–5657.
Yang, C., Huang, M., DeBiasio, J., Pring, M., Joyce, M., Miki, H.,
Takenawa, T., and Zigmond, S.H. (2000). Profilin enhances Cdc42-
induced nucleation of actin polymerization. J. Cell Biol. 150, 1001–
1012.
Zhang, J., Shehabeldin, A., da Cruz, L.A., Butler, J., Somani, A.K.,
McGavin, M., Kozieradzki, I., dos Santos, A.O., Nagy, A., Grinstein,
S., et al. (1999). Antigen receptor-induced activation and cytoskele-
tal rearrangement are impaired in Wiskott-Aldrich syndrome protein-
deficient lymphocytes. J. Exp. Med. 190, 1329–1342.
Zicha, D., Allen, W.E., Brickell, P.M., Kinnon, C., Dunn, G.A., Jones,
G.E., and Thrasher, A.J. (1998). Chemotaxis of macrophages is abol-
ished in the Wiskott-Aldrich syndrome. Br. J. Haematol. 101,
659–665.
Zuckerman, L.A., Pullen, L., and Miller, J. (1998). Functional conse-
quences of costimulation by ICAM-1 on IL-2 gene expression and
T cell activation. J. Immunol. 160, 3259–3268.
